One of the most important crops used in animal feeding is maize (Zea mays L). Kernels of maize contain 7-13 g of proteins/100 g of dry matter, and they are protagonists of chemical and physical changes during the processing of raw material. There are several methods for the determination of protein changes during thermal processing. The objective of this study was to investigate application of Lab-on-a-Chip electrophoresis as a method for qualitative and quantitative determination of maize protein modifications during pelleting. Parameters that were varied during the pelleting process were the diameter of sieve openings of the hammer mill and the duration of steam conditioning process. According to the results, conditioning retention time of 5 min could be considered as mild in terms of protein changes for samples ground to pass 3 and 4 mm sieves. Conditioning retention time of 10 min was long enough for achieving a high level of protein modifications for all samples. Regression analysis of obtained data showed that both independent parameters had significant (p < 0.05) influence on the response variable (protein solubility). Protein electrophoregrams of investigated samples were qualitatively nearly identical, but quantitative differences occurred, especially in the range 18-85 kDa of protein molecular weight (MW). The results presented here show that Lab-on-a-Chip electrophoresis registered changes in protein structure even when protein solubility was not changed, unlike other conventional methods. This method can be used for the determination of the degree of protein changes during the pelleting process with remarkable certainty.
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Maize (Zea mays L) is the most significant crop that has been used for animal feeding in Serbia and the third most important in the world. Maize kernels are extremely rich in energy, due to the high content of starch, proportionally high concentration of fat and low content of cellulose [1] . Kernels contain 7-13 g of proteins/100 g of dry matter, but the quality of these proteins is poor, because they are deficient in the essntial amino acids, lysine and tryptophan [2, 3] . Nevertheless, proteins are protagonists of chemical and physical changes during the processing of raw material and considerable indicators of thermal transformations in the material.
Pelleting is a technological treatment widely used in the animal feed industry. It results in advantages such as easy handling and improved feed efficiency. The most common process in producing pellets for animal feed involves grinding, steam conditioning (heating and moistening) and pelleting of conditioned material [4] . Cereal components used in production of pelleted feed are usually finely ground in a hammer mill. A major reason for fine grinding is to increase the surface area for improved rate of digestion, decrease segregation and mixing problems, and to assure good pellet quality [5] [6] [7] .
Steam conditioning in animal feed manufacturing can be defined as the process of converting the mixed mash using heat, water, pressure and time to a physical state that facilitates compaction of the feed mash. Commonly, this process lasts from 20 to 30 s [8] [9] [10] . The recent introduction of a hygienization step in this process prolonged it to more than 4 min [11] .
The major components of cereals are starch and protein. Starch is an important source of energy for domestic animals, while protein is important for metabolic processes [12, 13] . Thermal processing of starch could cause starch gelatinization, as a result of which starch gains paste-like properties. However, investigations conducted under low moisture processing, such as pelleting, show limited gelatinization of starch [14, 15] . Zimonja and Svihus [16] assumed that changes of the protein component during the pelleting process should be greater than changes of any other component, but they did not perform protein analysis.
Nitrogen solubility index (NSI) and protein dispersibility index (PDI) are usual indicators of the extent of protein solubility, which is significantly affected by treatments used for its production [17] . Protein solubility in potassium hydroxide (PSKOH) is also one of the commonly used parameters to estimate the degree of heat treatment [18] . Nevertheless, protein solubility is not the only criterion of protein degradation and transformation due to the thermal processing of material.
According to the literature, the degree of protein solubility during solvent extraction from the kernel is an indirect indicator of purposeful quality of maize. Protein structure is influenced by unit operations applied in kernel processing. Thermal denaturation of proteins results in changes in structural properties and modification of physical and chemical properties of protein molecules, especially hydrophobicity, and therefore changes in protein native state and solubility [19] . As a result of non-covalent hydrophobic interactions, together with intermolecular disulfide rearrangement, aggregates of protein molecules can be formed, which can reduce protein solubility [20] . Over the past decades, extensive research has been conducted to find optimum extraction conditions of denaturized maize protein. Today it is known that the solubility of heat denaturized maize protein is improved by means of extraction agents containing sodium dodecyl sulfate (SDS) and 2-β-mercaptoethanol [21] .
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) is a commonly used technique for determination and characterization of cereal proteins. This technique shows the differences in large numbers of polypeptides which are constituents of protein fractions of different solubility by separating and sizing it [22] . It is characterized by complicated sample preparation in terms of multiple fractionations, gel preparation and casting, the length of the analysis and the final staining and de-staining of the gel [23] . After de-staining, the gel is scanned, and the obtained images are analyzed using some of the specialized professional software.
Recent advances in chip-based separation of proteins provide methods that are faster and more convenient than conventional gel electrophoresis [24] . Lab-on-a-Chip (LoaC) is a relatively new electrophoretic technique, which is characterized by high speed, reliability, automation of analysis and higher sensitivity compared to SDS-PAGE technique. It has been successfully applied to protein based food allergen detection [25] , as well as to diagnosis of plant pathogens [26] . Bjerketorp et al. [27] used this technique for rapid profiling of human gut bacteria, while Weigl et al. [28] showed its usage in drug development.
The cover with fixed electrodes is a part of the device workspace for automated capillary electrophoresis, in which proteins are analyzed. When lowering the cap, electrodes must be immersed in liquid samples in order to allow the formation of an electrical circuit, which is the basic prerequisite for the electrophoretic analysis of proteins. During the motion of the samples throughout the channel system, protein components are sequentially separated on fractions, depending on the size of the channels along the way [29] . Protein fractions are registered by laser-induced fluorescent detection (from 670 to 700 nm) within 45 s [30] . Complete analysis of 10 protein samples, including preparation of the device, qualitative and quantitative analysis, takes 25 min. LaoC results are analyzed by expert software and can be presented in two different ways -as a quantitative profiles (as in conventional liquid chromatography) and as simulated gel images (like scanned SDS-PAGE gel) [31] .
To the best of our knowledge, there is no available literature data on the application of this electrophoretic technique for evaluation of changes of protein in the pelleting process so far. Here, for the first time, a Lab-on-a-Chip technique was applied to the detection of protein changes in pelleted maize. The first objective of this study was to prove that electrophoresis can be successfully used as an analytical method for defining qualitative and quantitative changes in the protein complex of maize during the technological process of pelleting. Thus, it was necessary to investigate the suitability of protein extraction conditions for preparation of samples. The variable parameters of pelleting process were the diameter of sieve openings at a hammer mill and duration of long-term conditioning at a temperature of 80 °C. Afterwards, a basic relationship between these variables and protein solubility was defined by regression analysis.
MATERIAL AND METHODS

Maize samples
All experiments were conducted on samples of maize of the "NS 300" sort, cultivated in the province of Vojvodina, northern Serbia, from the same producer. The maize was stored in paper bags at room temperature in the dark, until the processing.
The moisture content of maize was determined using gravimetrical AOAC Method 950.46, also known as the "oven dry" method, and crude ash by standard AOAC Method 942.05. For determination of crude protein, the Kjeldahl method was used according to AOAC 978.04 method, crude fat was determined by AOAC 920.39, and crude fibers by AOAC 978.10 method [32] .
Sieving analysis of grounded material was performed in the range 125 to 3000 μm by method of test sieving (ISO [33] ). The geometric mean diameter (d gw ) and geometric standard deviation of particle diameter (S gw ) were determined according to ASAE Standard [34] .
Material processing
Technological processing of maize was performed at pilot-plant facility of Institute of Food Technology (Novi Sad, Serbia). Maize was ground using a hammer mill (Model 11, ABC Engineering, Pančevo, Serbia) fitted with a 2, 3 and 4 mm sieve, respectively. Steam conditioning of the milled maize was done in a batch double-shaft steam conditioner (model SLHSJ0.2A, Muyang, China). The steam conditioner was equipped with jacketed walls that could be steam heated. Saturated steam was injected into the material until it reached a temperature of 80 °C. Afterwards, the material was retained at constant temperature, without addition of steam, for 0, 5 and 10 min, in order to perform long-term conditioning. The material was pelleted on a flat die pellet press (model 14-175, Amandus Kahl, Germany). The diameter of pellet die openings was 6 mm, with die thickness of 24 mm. After pelleting, the pellets were cooled and stored for 24 h at room temperature in the dark.
Physical and chemical analyses of pelleted maize were conducted the same way as for the raw material.
Electrophoretic analysis
The total soluble maize proteins had to be extracted before electrophoresis. Mass of 30 mg of pelleted samples (previously grounded) was extracted in 175 µL of extraction buffer (0.125 M Tris-HCl at pH 6.8 containing 10% β-mercaptoethanol, 4% SDS, 20% glycerol) and 175 µL H 2 0. The samples were heated at 100 °C for 5 min, left at room temperature for 20 min and vortexed. The precipitate of the samples was removed by centrifugation at 12000 g for 15 min at room temperature. The obtained supernatant, which contained the total soluble maize proteins, was used to prepare samples for LoaC methods.
The chip-based separations were performed on the Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA) in combination with the Protein 230 Plus LabChip kit and the dedicated Protein 230 software assay on 2100 expert software. All chips were prepared according to the protocol provided with the Protein 230 LabChip kit. Fractioning of proteins was size-based, where the smallest proteins emerging first in the profiles but at the bottom of the gel patterns (according to the convention for SDS-PAGE). All samples were analyzed in triplicate.
MW ladder of following molecular weights: 4.5, 7, 15, 23, 46, 63, 95, 150, and 240 kDa, was used for determination of protein fractions, which were obtained by separation with LoaC method. The upper marker (240 kDa), with mass of 60 ng, was used as the internal standard for quantification of protein peaks on obtained electrophoregrams.
Experimental design and statistical analysis
Full factorial design was used to create the experiment, since this type of design is recommended for initial investigations and determination of main effects and interactions [35] . Levels of each variable (diameter of sieve openings at hammer mill and duration of long-term conditioning) were defined in order to obtain required data ( Table 1) . Ranges of independent process parameters were determined in accordance with the instrument's capabilities and capacities. Since full factorial design requires at least three 
RESULTS AND DISCUSSION
The chemical composition of raw maize is presented in Table 2 and the particle size distribution of dry-sieved maize ground through a hammer mill is shown in Figure 1 .
The geometric mean diameters of material ground with a hammer mill with 2, 3 and 4 mm sieve were 625.3, 840.0 and 925.2 μm, respectively. The particle size analysis showed that over 40% of material ground with a 2 mm hammer mill, and over 25% of material ground with 3 mm hammer mill, was retained on the sieve with 250 μm openings. On the other hand, over 55% of material ground with a 4 mm hammer mill and 45% of material ground with a 3 mm hammer mill was larger than 1 mm. Protein solubility depending on particle size of ground material and retention time at 80 °C was observed based on data shown in Figure 2 . The amounts of extracted protein from the pelleted samples, under extraction conditions applied in this experiment, ranged from 46.52 to 87.34%. The increase of conditioning retention time from 0 to 5 min caused the increase in amount of extracted protein from maize samples ground to pass 2 mm sieve, as expected. The amount of extracted protein from maize samples ground to pass 3 and 4 mm sieve was significantly decreased (p < 0.05). The reason for that could be due to small specific contact surface between particles and source of moisture and heat. The amount of extracted protein is an indicator of the extent of their aggregation or disaggregation, since protein constituents have complicated three-dimensional structure. When proteins are heated and denaturized, they dis- sociate and unfold, causing increased extractability [37] . Thus, conditioning retention time of 5 min could be considered as mild in terms of protein aggregation for samples ground to pass 3 and 4 mm sieve. It is possible that within this time protein macromolecules aggregate due to the creation of disulphide bonds, and form insoluble structures.
According to some authors, changes in protein solubility may have consequences on the properties of corn-protein based products. Townsend and Nakai [19] observed that the dispersibilities of food proteins were highly correlated with protein hydrophobicity which is relatable to many functional properties linked to food proteins.
Similar experiments on maize kernels were conducted by Malumba et al. [20] . The authors investigated the influence of drying temperature on solubility of maize proteins. They also used mercaptoethanol for extraction of some protein fractions. According to their results, the amount of extracted alcohol soluble proteins increased with increasing of drying temperature from 54 to 110 °C, which is in line with the results presented in this study. Protein solubility decreased when the drying temperature was above 110 °C, due to a deep denaturation of corn proteins. After obtaining protein solubility data, the Statistica software generated the following regression equation which demonstrates the empirical relationship between the protein solubility and independent variables: 
where Y is the protein solubility (%), and the independent variables are: X 1 -diameter of sieve openings of the hammer mill [mm], and X 2 -duration of the conditioning (min). The obtained quadratic model provides a good description of the influences of independent variables on protein solubility, as confirmed by the high value of coefficient of determination (R 2 = 0.95). A one-way ANOVA was conducted for each response variable using the full model. The calculated p values showed that not all of terms were significant (p > 0.05). Nonsignificant coefficients were removed and a simplified model was obtained (Eq. (3)). The equation coefficients are shown in Table 3 : Figure 2 . Protein solubility depending on sieve openings size and conditioning retention time; a, b, c -different subscripts within the same granulation present significant differences at level of 5%.
Regarding the R 2 value, it can be concluded that Eq. (3) fits the experimental data well. As suggested by certain authors, R 2 greater than 0.8 indicates good fitting of the data [38] . Therefore, this model can be used to predict protein solubility with high accuracy. Figure 3 shows gel image of protein fractions of pelleted maize samples, separated by electrophoresis, which differ in time of heat treatment (at 80 °C) and in diameter of sieve openings used for grinding (2, 3 and 4 mm). The maize sample marked as the control was not heat treated. Figure 3 shows the gel images of electrophoretically separated protein fractions of pelleted corn samples. It is evident that separated fractions of protein samples are similar in a qualitative sense, which is reflected in the similar distribution of protein bands in the lanes. At the same time, there is a visible difference in the intensity of the bands colour on the gels, which represents different quantitative profiles of corn protein fractions. Protein electrophoregrams of investigated samples of pelleted maize were qualitatively nearly identical. Nevertheless, quantitative differences occurred between heat treated samples compared to each other, as well as compared to the control sample.
Concentrations of extracted proteins fractionated using LoaC are presented in Table 4 . Table 4 also shows protein weight and protein content (% w/w) in each sample, which are more convenient for expression of protein amount, since they involve volumes of extracted proteins, which differed one from each other. The most of the quantitative differences in protein concentrations of samples showed in the range from 18 to 28 kDa of protein MW. Peaks of charac- Conditioning retention time had a remarkable influence on protein dissociation, which can be clearly demonstrated when comparing protein concentrations of samples ground to pass 3 mm, with conditioning retention times of 0 and 5 min ( Figure 5 ). Concentrations of all protein fractions were significantly (p < 0.05) lower with increasing of conditioning retention time, except for the protein fraction of 14.30 kDa of MW. Proteins were probably reduced to amino acids with MW that cannot be registered in the range of measurement of applied procedure. Nevertheless, protein solubility was decreased with increasing of conditioning retention time, due to the insufficient specific surface of contact, as already explained.
CONCLUSIONS
The results presented in this paper show that LoaC electrophoresis can be used for the determination of the degree of protein modifications during the pelleting process with remarkable certainty. The applied procedures and extraction conditions were suitable for qualitative and quantitative characterization of protein changes in pelleted maize samples. All temperature-treated samples, kept at 80 °C for 10 min, had a higher content of extracted protein, in comparison to the control sample.
The potential for application of the developed method in practice lies in the determination of physical characteristics of pellets based on electrophoretic results. As already mentioned, proteins are components that are the most responsible for changes in physical and chemical properties of pelleted material. Therefore, future investigations should be dealing with determination of correlations between the results obtained by LoaC method and physical properties of pellets, such as durability and hardness. These results could also be potentially used for getting information about the nutritive quality of pelleted material, which is of great importance for feed production.
The main advantage of LoaC electrophoresis over the other methods based on measurement of protein solubility is that it registers changes in protein structure, even when protein solubility is not changed. Based on this study, it can be concluded that LoaC electrophoresis has considerable potential as a reliable technique for determination of protein solubility and characterization of structural changes in protein, and can successfully replace conventional methods.
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